Strain and piezoelectric potential effects on optical properties in CdSe/CdS core/shell quantum dots (QDs) were investigated theoretically using an eight-band strain-dependent k Á p Hamiltonian. The strain effect on the shift of the subband energies is found to be larger than the piezoelectric field effect. As a result, interband transition energies are blueshifted with the inclusion of strain and piezoelectric field effects. We know that the theoretical interband transition energy shows a reasonable agreement with the experimental result. The absolute value of the hydrostatic strain in the QD increases with decreasing QD size, whereas that in the barrier decreases with decreasing QD size.
I. INTRODUCTION
Quantum dots (QDs) are interesting because their electronic and optical properties dramatically change as the size of the quantum dot varies. 1 Currently, III-V materials are the leading ones for the fabrication of QDs. On the other hand, recently, the II-VI materials have been studied by numerous workers due to their large bandgap and their potential applications in short-wavelength optoelectronic devices. [2] [3] [4] Among them, CdSe/CdS core/shell nanoparticles have attracted a lot of attention in the past decade because they have great stability and a high fluorescence quantum yield. The wurtzite CdSe/CdS core/shell QDs are usually synthesized by wet chemical routes such as the microemulsion method followed by refluxing in toluene/methanol. 5, 6 In the wurtzite structure, the strain-induced piezoelectric potential arises due to strain-induced lattice distortions. The detailed knowledge of the internal potential and the strain field in and around the QDs can serve as a useful tool to understand their electronic and optical properties. Despite their importance, however, there have been very little theoretical works on strain and piezoelectric potential effects on optical properties of core/shell CdSe/CdS QDs are still not well understood.
In this paper, strain and piezoelectric potential effects on optical properties in CdSe/CdS core/shell QDs are investigated theoretically using an eight-band strain-dependent k Á p Hamiltonian. The wurtzite CdSe/CdS core/shell nanocrystal fabricated by wet chemical routes is known to have a type I structure, 6 although a type II structure was found in the case of certain quantum well structures grown by metalorganic chemical vapor deposition or hot wall beam epitaxy. 7, 8 Here, we assumed that the CdSe/CdS system yields a type I interface. The potential offsets between the core and shell are approximated by the differences between the bulk electron affinities and ionization potentials of CdSe and CdS. 9 The 8 Â 8 Hamiltonian is solved by using a threedimensional finite-element method (FEM) formulation. 10, 11 
II. THEORY
The energy levels and wave functions of bound electron and hole states are calculated in the frame of the eight-band k Á p model. The effective-mass Hamiltonian H w in the presence of strain is given by 12 Here, P 1 and P 2 are the conduction band transverse (longitudinal) deformation potentials. The A i 's are the valence-band effective-mass parameters, which are similar to the Luttinger parameters in a zinc-blende crystal, the D i 's are the deformation potentials for wurtzite crystals, k i is the wave vector, e ij is the strain tensor, D 1 is the crystal-field split energy, and D 2 and D 3 account for spin-orbit interactions. Zhang 13 pointed out that strain gradient terms are important when the strain is not sufficiently small and its variation is not sufficiently slow. In the present model, strain gradient terms were neglected as the first approximation. The basis set for a wurtzite crystal is summarized as follows:
H w
The electron potential V e ðx; y; zÞ and the hole potential The energies and the envelope functions of the conduction and the valence subbands can be obtained by solving the effective-mass equation X H l F ðx; y; zÞ ¼ EF l ðx; y; zÞ;
where H is the Luttinger-Khon 8 Â 8 Hamiltonian. According to the theory of linear elasticity, the stress-strain relationship for linear conditions, including initial stress and strain, is given as
where C ijlm is the component of the fourth-order elastic moduli tensor. The elastic strain was calculated using the theory of continuum elasticity and FEM. 10, 11 The strain-induced piezoelectric polarization is given by where e 0 and e r are the dielectric constant in vacuum and the relative static dielectric tensor, respectively. The material parameters for CdSe and CdS used in the computations were give in Table I . III. RESULTS AND DISCUSSION Figure 1 shows (a) potential by the strain-induced piezoelectric polarization along the z-axis and (b) ground-state subband energies in the conduction and the valence bands as a function of the diameter of the CdSe QD for strained CdSe/CdS core/shell QD structures. For comparison, we plotted results for subband energies without piezoelectric polarization effect. The internal field is determined from the difference between piezoelectric fields in the QD and that in the barrier. Thus, the strain-induced potential depends on the structural parameter such as the QD size. The potential is shown to be at a maximum near the boundary between the QD region and the barrier region. On the other hand, it becomes zero near the QD center. The subband energies gradually decrease due to the quantization effect with increasing QD size. We know that subband energies in the conduction and the valence bands are shifted downward with the inclusion of the piezoelectric field. However, the piezoelectric field effect on the subband energy is relatively very small for QDs with small QD size. Figure 2 shows strain tensors of the CdSe QD for strained CdSe/CdS core/shell QD structures with several QD diameters. Here, the thickness of the CdS shell is fixed to be 7 Å . The CdSe core is assumed to be initially unstrained because CdS shell is grown on the CdSe core. On the other hand, the misfit strain of the CdS shell is taken with respect to the CdS core and so the QD is assumed to be strained initially by e xx0 (¼ e yy0 ) and e zz0 as a qualitative approximation. The initial strain is taken as positive for a material under tensile strain and their value for the present system are e xx0 ¼ 3.96 and e zz0 ¼ 4.60%, respectively. The strain was calculated by using the theory of linear elasticity. 20, 21 In the QD, e xx is shown to be nearly the same as e yy irrespectively of the QD size. This biaxial compressive strain occurs due to the surrounding material forcing the CdSe QD to have the lattice constant of CdS. This is accompanied by an extension, indicated by a peak of e zz near the boundary between the QD and the barrier. That is, e zz becomes tensile in the surrounding matrix because the QD exerts the opposite force on the surrounding matrix. Figure 3 shows hydrostatic strain along the z-direction through the center of the CdSe QD for strained CdSe/CdS core/shell QD structures with several QD diameters. Here, the thickness of the CdS shell is fixed to be 7 Å . The hydrostatic strain is given by the sum of the three normal components e h ¼ e xx þ e yy þ e zz , which is related to the shift of the conduction and the valence band energy levels, respectively. The hydrostatic strain is compressive in the QD and tensile in the barrier. The hydrostatic strain changes sign from negative to positive at the QD/matrix interface. The absolute value of the hydrostatic strain in the QD increases with decreasing QD size. For example, absolute values of the hydrostatic strain at z ¼ 0 are 8.4 and 5.7% for QDs with R QD ¼ 20 and 50 Å , respectively. On the other hand, the absolute value of the hydrostatic strain in the barrier decreases with decreasing QD size. Figure 4 shows (a) ground-state subband energies in the conduction and the valence bands and (b) interband transition energies as a function of the diameter of the CdSe QD for strained CdSe/CdS core/shell QD structures and comparison with experimental data. The experimental data for the CdSe/CdS core/shell QD structure was taken from Ref. 6 For comparison, we plotted results for subband energies without strain and piezoelectric field effects. Here, we used A 5 as a fitting parameter and A 6 is obtained from the relation 15 Also, we used the following relations to obtain D 3;4;6 :
. 22 The subband energies in the conduction and the valence bands are shifted downward with the inclusion of the piezoelectric field, as shown in Fig. 1 . On the other hand, the subband energies in the conduction and the valence bands are shifted upward with the inclusion of the strain effect. We know that the strain effect is larger than the piezoelectric field effect in the shift of the subband energies. As a result, interband transition energies are blueshifted with the inclusion of strain and piezoelectric field effects. We know that the theoretical interband transition energy shows a reasonable agreement with the experimental result. The interband transition energies are sensitive to the valence band effective-mass parameter A 5 .
IV. SUMMARY
In summary, optical properties in CdSe/CdS core/shell quantum dots were investigated using an eight-band strain-dependent k Á p Hamiltonian. The subband energies in the conduction and the valence bands were shifted downward with the inclusion of the piezoelectric field, whereas those were shifted upward with the inclusion of the strain effect. As a result, interband transition energies are blueshifted with the inclusion of strain and piezoelectric field effects because the strain effect is larger than the piezoelectric field effect in the shift of the subband energies. The theoretical interband transition energy shows a reasonable agreement with the experimental result. The piezoelectric field effect on the subband energy is negligible for QDs with small QD size. 
